Abstract A target tracking model and a technique for target tracking filtering based on sequential unscented Kalman filter are presented to improve target tracking performance of high resolution radar/infrared imaging sensor composite guidance system. Firstly, a measurement model for imaging sensor based of the centroid of the target is derived from images. Secondly, a measurement model for radar based of the centroid of the target is derived from traits of high resolution radar. Finally, the data fusion filtering framework for target tracking based on sequential unscented Kalman filter is presented. From the results of simulated experiments, average rate and target tracking accuracy of convergence for the technique developed are superior to those of other techniques. In conclusion, the target tracking model and filtering algorithm developed are proper for high resolution radar/infrared imagery sensor composite guidance system.
Introduction
At present, radar / IR imaging compound guidance has become one of the main directions for the terminal guidance technology development of precision-guided weapons. Having integrated the performance of the target tracking system, it has greatly improved upon target tracking performance of the single guided mode. Target tracking is a process of estimating the status of the target by combing the measurements by radar and infrared imaging sensors. Literature [1] carried out the Kalman filtering for each sensor, and a further Kalman filtering of the filtered results in the fusion center (KF/ KF); literature [2] implemented Kalman filtering for each sensor, and the extended Kalman filtering for the results in the fusion center (KF / EKF); literature [3] used unscented Kalman filter (UKF) to solve the nonlinear filtering problem; all these methods are limited to the situation when the measured noise is subject to Gaussian distribution. Literature [4, 5] solved the temporal change problem of the parameters in the nonlinear system by building a multi-mode interaction model (IMM). Literature [6] adopted the multi-resolution filtering (MRF) method to deal with the image measurements, making them fit in the target tracking filtering framework. Literature [7, 8] made use of the particle filtering (PF) to handle the filtering of the nonlinear system, and performed well for arbitrarily distributed noise. Literature [9] constructed a data integration framework using artificial intelligence (AI), and achieved satisfying results. In these tracking systems, measurement models were constructed with the target viewed as a target point. In essence, these measurement models were based on the position measurement by radar axis and that by infrared optical axis. Literature [10] considered the problems with infrared imaging measurement model; however, its radar measurement model was constructed for the ordinary radar, and did not apply to the high-resolution radar. This paper reported a study focusing on the high resolution radar / IR imaging compound guidance system. For the high-resolution radar, the target is no longer a strong scattering point, but a surface target which extends along the range; therefore, measurement models constructed for the ordinary radar does not apply to the high resolution radar. For infrared imaging detectors, the target in infrared images is no longer a target point, but the target surface; therefore, constructing a measurement model with the target viewed as a point will not help to improve the overall performance of the fusion tracking system. In this study, a high resolution radar measurement model and measurement model of the infrared imaging sensor were constructed to realize the estimation of the target status, i.e., target tracking through filtering.
Measurement model of the infrared imaging sensors
This section will start with the images to deduce the infrared imaging sensor measurement model with the target centroid as the measurement reference point.
Image coordinates measurement model of the target centroid
Let the size of the image created by the imaging sensor be M×N, the imaging model is [11] :
(1) where i=1,2,...,M , j=1,2,...,N, and Sij(k) is the signal, nij(k)~N(0, σB2 )the image noise, and k the imaging time . Let the image target area be t , image coordinates measurement of the target centroid is:
Substitute equation (1) into equation (2), the image coordinates measurement model of the target centroid is obtained:
T , is the true value of the image coordinates of the target centroid,
, and
Angle measurement model of the target centroid
Let the field angles of the imaging sensor be h ψ and v ψ , the field angles that correspond to each pixel are The angle of the target centroid relative to optical axis is:
(4) Angle measurement of the optical axis position is:
where (3), (4) , (5), the angle measurement of the target centroid in the inertial frame is: 
(9) It thus can be seen that the three noise items are unrelated, and
(10) Equation (10) shows that the variance of the noise depends on the signal. If the noise is used in the filtering framework, it must be processed, because
Let the position of the target centroid be ( ) ( ) ( ) ( )
, and in target tracking process, the pointing direction of the optical axis is the prediction of the target centroid's position, therefore:
Thus the measurement modeling of infrared imaging sensors with the target centroid as the measurement reference point is:
( )
where,
is a random variable, and λ(k)andVI (k)are independent from each other .
With the sum of the angle measurements of the target centroid in the image relative to the optical axis and the angle measurements of the location of the optical axis taken as the measurements of the infrared imaging sensor, and the effect of measurement noise taken into consider, the infrared image sensor measurement model constructed took full advantage of the high resolution characteristics of the imaging sensor, and improved the accuracy of the target measurements.
High resolution radar measurement model
In this section, the one dimensional range profile from the high-resolution radar was taken as the starting point to derive the measurement model with the target average scattering center as the measurement reference point.
Measurement model of the target average scattering center
The relationship between one dimensional range profile and inertial frame of the high resolution radar is as shown in Figure 2 . Let the echo amplitude sequence in the tracking wave gate be ( ) ( ) ( )
, the measurement of the range unit of the target average scattering center is:
Let the range resolution of the high resolution radar be 0 l , and the angular resolution of the pitch direction be 0 φ , the measurements of the target average scattering center relative to the pointing direction of the optical axis is :
The measurement of the optical axis pointing direction is:
where the covariance matrix of the noise
From equations (15) and (16), the measurement of the average target scattering center in an inertial frame was derived:
Therefore, the modelling of the measurement model with the average target scattering center as the measurement reference point is:
, and the covariance matrix of the noise
Measurement model for the target centroid
The target average scattering center and the target centroid are not necessarily the same point. In order to use filtering algorithm, the radar and infrared must measure the same point on the target. As a result, a measurement model of the radar is required to be constructed with the target centroid as the measurement reference point. Let the azimuth deviation of the average target scattering center relative to the target centroid be ( ) Let the real target centroid position under the inertial frame be ( ) ( ) ( )
x k y k z k , the measurement modeling of the high resolution radar with the target centroid as measurement reference point is:
where
and the covariance matrix of the noise
The measurement model was constructed based on one-dimensional range image of the high resolution radar and with the target average scattering center as the measurement reference point, and the position deviation of the target average scattering center relative to the target centroid was introduced into the model to build the measurement model with the target centroid as the measurement reference point. In this way, the measurement reference point of the high resolution radar and that of the infrared imaging sensor became one, providing the basis for constructing the filtering framework.
Target tracking filtering frame based on the sequential unscented Kalman filter
Assuming that the target moves at a uniform speed, the target's state vector at time k t is:
.Using CV model, the equation for the status is: Measurement equation for the high resolution radar is equation (21), and measurement equation for the infrared imaging sensor is equation (13) . Equations (21) and (13) indicate that the status equation of the system was linear, and the measurement equation was nonlinear. For this nonlinear system, the most commonly used filtering method is the Extended Kalman filter (EKF) [2] . Unscented Kalman filter (UKF) is an improved method upon the EKF, and it can overcome the difficulties of the EKF, such as the large linearization error of and the likelihood of ill-conditioned covariance 12] . Through selecting some Sigma sampling points, UKF can better approximate the means and variances of the random variables that have undergone the nonlinear changes; as such, not only can UKF enable the nonlinear filtering system to achieve higher precision, but it can also adapt well to noise [13] . In multi-sensor systems, even if the data rate is the same for each sensor, the time it takes for the data to reach the fusion center may not be the same; therefore, sequential unscented Kalman filter was adopted in this study to construct the target tracking filter framework. The algorithm is:
2 status prediction
3 Calculation of sampling points
Measurement prediction
If the data are from the high resolution radar, then ( )
If the data are from the infrared imaging sensor, then ( )
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Status update
If the data are from the high resolution radar, then e R = ; if the data are from the infrared imaging sensor, then e I = .
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Experimental results and analysis
A missile-borne high resolution radar / IR imaging compound guidance system simulation experiment was conducted to verify the effectiveness of the proposed method. Assuming the missile moved at a constant speed, the trajectory of the relative movement of the target (a ship) was as shown in Figure 3 . The altitude of the missiles was 1500m, and the flight time was 50s. The high resolution radar and the infrared imaging sensor provided one measurement per second, and data reached the fusion center simultaneously. Sequential unscented Kalman filter first filtered the radar measured data, and then filtered the measured data obtained by the infrared imaging sensor. The standard deviations of the process noise were 0.01 . The high resolution radar used range gate tracking. The imaging noise standard deviation of the infrared imaging sensors was 4 B σ = , the image size was 240 320 × , the field angle was 6 4.5°×° , the tracking window was 32 64 × , and the tracking method used was correlation matching method.
The following four methods were adopted in filtering tracking, and the results were compared as follows: 1 Only radar data were used, the measurement model was the one adopted in literature [2] , and filtering method used was EKF; 2 The measurement model was the one used in literature [2] , and the filtering method used was EKF; 3 The measurement model was equations (18) and (13) , and the filtering method was UKF; 4 The measurement model was (21) and (13) , and the filtering method used was UKF.
A simulation experiment was conducted with two relative movement trajectories for a total of 100 times, and the results were averaged. The tracking performance of each method was represented by the average root mean square error (RMSE) in position. For target trajectory 1, the filter tracking performances with Approaches 1, 2, 3 and 4 were as shown in Fig. 4 , and the target tracking performance results were as shown in Table 1 . As shown in Fig. 4 and Table 1 , the average convergence rates and target tracking precision using Approaches 3 and 4 were better than those using Approach 2, and significantly better than those using Approach1. Target trajectory 1 indicates that the target made a linear motion relative to the missile, and the azimuth variation of the target relative to the radar was small. Compared with Approach 3, Approach4 did not have much difference in regards to the convergence rate and filtering precision. Simulation experiments were conducted of the target relative movement trajectory 2, and the filter tracking results using Approaches 3 and 4 were as shown in Fig.5 . The relative movement trajectory 2 indicates that the target motion relative to the missile was not linear, and azimuth of the target relative to the radar was constantly changing. As indicated in Fig. 5 , the convergence rate of Approach 4 was 13 steps, but 25 steps for Approach 3; the precision of target tracking of Approach 4 was 2.12 meters, but 7.85 meters for Approach 3. Compared with Approach 3, Approach 4 greatly improved the average convergence rate and tracking precision. This shows that when tracking a flexible target, the radar measurement model must take into account the deviation between the target average scattering center and the target centroid, so as to prove the effectiveness of the proposed method.
Conclusions
In this study, based on the characteristics of the high resolution radar and infrared imaging sensor, a measurement model of the high resolution radar and infrared imaging sensor was constructed with the target centroid as the measurement reference point. The target tracking filter framework where decision-making level data integrated was built using sequential unscented Kalman filter. Results from the simulation experiments indicated that the proposed target tracking model had a higher average convergence rate and tracking precision compared with commonly used models, and improved the target tracking performance of the high resolution radar / IR imaging compound guidance system.
